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EFFECTS OF DAMAGE BY 0.8 M e V  - 5.0 MeV PROTONS 

I N  SILICON SURFACE - BARRIER DETECTORS 

SUMMARY 

Changes i n  the performance of s i l i c o n  s u r f a c e  - b a r r i e r  

d e t e c t o r s  a f t e r  i r r a d i a t i o n  with protons a t  ene rg ie s  between 

0.80 M e V  and 5.00 MeV have been i n v e s t i g a t e d  f o r  f luences u p  

t o  1017 protons c m 2 .  I r r a d i a t i o n s  of t he  f r o n t ,  s u r f a c e  - 
b a r r i e r  c o n t a c t s  and t h e  r e a r ,  ohmic c o n t a c t s  of t hese  t r a n s -  

miss ion d e t e c t o r s  were performed . I n  genera 1, the  d e t e c t o r  

c u r r e n t  and n o i s e  increased with f luence .  When t h e  r e a r ,  ohmic 

c o n t a c t  w a s  i r r a d i a t e d  wi th  protons which stopped w i t h i n  the  

d e t e c t o r ,  t h e  changes i n  the c u r r e n t  and n o i s e  a f t e r  i r r a d i a t i o n  

were s e v e r a l  o r d e r s  of magnitude smaller than a f t e r  a s i m i l a r  

i r r a d i a t i o n  of t h e  f r o n t  contact .  For protons w i t h  e n e r g i e s  

g r e a t e r  t han  about  1 MeV, t h e  d e t e c t o r  capac i t ance  decreased a t  

low r e v e r s e  b i a s e s  and increased a t  high b i a s e s  wi th  i n c r e a s i n g  

f luence .  The r e s u l t s  i n d i c a t e  t h a t  a s i g n i f i c a n t  r e d u c t i o n  i n  

t h e  inc rease  of d e t e c t o r  c u r r e n t  and n o i s e  can be obtained i f  t h e  

d e n s i t y  of r a d i a t i o n  - produced d e f e c t s  i n  the  region of t h e  

j u n c t i o n  is minimized. 
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- INTRODUCTION 

S i l i c o n  nuc l e a r  rad i a  t i o n  d e t e c t o r s  ope ra t ing  on Ea r th -o rb  i t  ing 

s a t e l l i t e s  and deep space probes can be destroyed by high f luxes  of 

low - energy protons which e x i s t  i n  the trapped - r a d i a t i o n  b e l t s  o r  

which a r i s e  f rom t r a n s i e n t  s o l a r  even t s .  The u s e f u l  l i f e t i m e  of de- 

t e c t o r s  which must ope ra t e  i n  such environments depends on the f l u x  

and energy of protons which cause the r a d i a t i o n  damage. I n  a d d i t i o n  

t o  d e t e c t o r  l i f e t i m e  p r e d i c t i o n s ,  a s tudy  of r a d i a t i o n  damage e f f e c t s  

i n  d e t e c t o r  s t r u c t u r e  can be u s e f u l  f o r  the i n t e l l i g e n t  i n t e r p r e t a t i o n  

of d a t a  from d e t e c t o r s  sub jec t ed  t o  i n t e n s e  p a r t i c l e  f l u x e s .  

The e f f e c t s  of damage i n  t o t a l l y - d e p l e t e d ,  s i l i c o q  s u r f a c e  - 
b a r r i e r  d e t e c t o r s  by protons wi th  ene rg ie s  between 50 keV and 1.00 

MeV f o r  f luences up t o  1014 

s tudy  showed t h a t  i r r a d i a t i o n  of t h e  f r o n t ,  s u r f a c e  - b a r r i e r  c o n t a c t  

w i t h  low - energy protons produced an inc rease  i n  the  d e t e c t o r  r e v e r s e  

biased c u r r e n t ,  n o i s e ,  and capac i t ance  wi th  f luence.  S i g n i f i c a n t  

i n c r e a s s s  in  c u r r e n t  and n o i s e  occurred a t  f l uences  g r e a t e r  than about 

1013 protons Damage e f f e c t s  were r e d u c e d  by s e v e r a l  o r d e r s  of 

magnitude i f  t h e  r e a r ,  ohmic c o n t a c t ,  r a t h e r  than t h e  f r o n t ,  s u r f a c e  

b a r r i e r  con tac t ,  of the t o t a l l y  - d e p l e t e d  d e t e c t o r s  was i r r a d i a t e d  

wi th  s h o r t  - range protons.  A l s o  e v i d e n t  i n  t h e s e  e a r l i e r  r e s u l t s  

was the  high c o n c e n t r a t i o n  of d e f e c t s  c r e a t e d  a t  t h e  end of t h e  proton 

range. This arises from the f a c t  t h a t  t h e  s i l i c o n  atom displacement  

have been reported r e c e n t l y . '  This  

c 
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c r o s s - s e c t i o n  is  i n v e r s e l y  p ropor t iona l  t o  the proton energy. It 

was observed t h a t  t h e  i n t e n s e  proton end - of - range damage pro- 

duced an i n c r e a s e  i n  the n e t  space - charge d e n s i t y  i n  t h e  high 

r e s i s t i v i t y  n-type s i l i c o n  from which t h e  d e t e c t o r s  were made, 

i n d i c a t i n g  t h a t  t h e  damage s i t e s  were a c t i n g  as  donor - type in -  

p u r i t y  c e n t e r s .  

The r e s u l t s  reported here  confirm t h e  e a r l i e r  s tudy  and extend 

t h e  a v a i l a b l e  d a t a  on proton damage effects  i n  s u r f a c e  - b a r r i e r  

s i l i c o n  d e t e c t o r s  t o  proton energies  of 5 M e V .  N e w  and confirmatory 

d a t a  is a l s o  presented on the  s i g n i f i c a n t  r educ t ion  of proton damage 

e f f e c t s  which can be obtained by i r r a d i a t i o n  of the r e a r ,  ohmic 

c o n t a c t  r a t h e r  t han  t h e  f r o n t ,  s u r f a c e  - b a r r i e r  c o n t a c t  of t h e s e  

d e t e c t o r s .  The r e s u l t s  of t h i s  s tudy  a r e  presented s o  t h a t  an  

experimenter  might e a s i l y  use  the  d a t a  t o  p r e d i c t  changes i n  t h e  

performance of d e t e c t o r s  ope ra t ing  i n  s i m i l a r  r a d i a t i o n  environments.  

EQUIPMENT AND PROCEDURES 

The d e t e c t o r s ,  i r r a d i a t i o n  procedures and measurements employed 

f o r  t h i s  s tudy  a r e  s imilar  t o  those which were desc r ibed  i n  d e t a i l  

1 i n  t he  previous work. The s i l i c o n ,  s u r f a c e  - b a r r i e r ,  t r ansmiss ion  

d e t e c t o r s  had nominal thicknesses  and a r e a s  of 100 m and 50 mm , 

r e s p e c t i v e l y .  The wafers used i n  the d e t e c t o r s  were c u t  from an 

ingo t  1700 - 2200 ohm - c m ,  n-type (phosphorus-doped) s i l i c o n  which 

had a photoconductive decay l i f e t i m e  of 2500 s e c .  

2 

T o t a l  d e p l e t i o n  
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of the  d e t e c t o r s  was ilchieved a t  r e v e r s e  b i a s e s  o f  25 - 3 0 V ,  and 
8 

the maximum o p e r a t i n g  b i a s e s  were 45 - 6 0 V .  

The i r r a d i a t i o n  o f  two d e t e c t o r s  a t  each proton energy i n  the  

previous study had demonstrated t h a t  r ep roduc ib le  r e s u l t s  could be 

obtained with t h e  experimental  procedures which were u s e d .  I n  the  

s t u d y  reported he re  only one d e t e c t o r  was i r r a d i a t e d  a t  each energy. 

Deta i l s  of the  i r r a d i a t i o n s  inc lud ing  t h e  proton e n e r g i e s  , t h e  pro- 

ton ranges i n  s i l i c o n Y 2  t h e  d e t e c t o r  t h i cknesses  ,7 and t h e  c o n t a c t  

which was i r r a d i a t e d  a re  t a b u l a t e d  i n  Table  1 and i l l u s t r a t e d  i n  

F ig .  1. 

The proton beam was co l l ima ted  s o  t h a t  a 5mm diameter  area a t  

t h e  c e n t e r  of the d e t e c t o r ' s  s e n s i t i v e  a r e a  w a s  i r r a d i a t e d .  The 

beam i n t e n s i t y  on the d e t e c t o r  was measured by i n s e r t i n g  a small  

Faraday cup between the  beam c o l l i m a t o r  and t h e  d e t e c t o r .  A f t e r  

t he  beam was s t a b i l i z e d ,  the c u r r e n t s  i n  t h e  Faraday cup and on 

the  co l l ima to r s  were measured. The Faraday cup w a s  removed dur ing  

t h e  i r r a d i a t i o n s  and t h e  beam s t a b i l i t y  was monitored by n o t i n g  

t h e  constancy of c o l l i m a t o r  c u r r e n t .  The arrangement of  t h e  de- 

t e c t o r s ,  Faraday cup and a lpha  p a r t i c l e  sources  i n  the  vacuum 

chamber is shown i n  F ig .  2 .  The proton f luxes  used ranged from 

1 x 10'' t o  3 x 1OI2 protons sec'l excep t  f o r  t he  0.8 M e V  

rear  con tac t  i r r a d i a t i o n  which w a s  a t  a f l u x  o f  3.5 x protons 

c m  sec . The f l u x  w a s  kep t  cons t an t  t o  - + Y%, f o r  each i r r a d i a t i o n .  -2 -1 

The d e t e c t o r s  w e r e  mounted i? the  i r r a d i a t i o n  chamber, which w a s  a t  
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t h e  ambient temperature of approximately 25OC. 

mately t o r r  was maintained wi th in  the  chamber throughout a l l  

t h e  i r r a d i a t i o n s  and t e s t i n g  a t  a given proton energy.  Each d e t e c t o r  

was b i a sed  a t  i t s  maximum ope ra t ing  vo l t age  a t  the  s t a r t  of  each 

i r r a d i a t i o n  and the  d e t e c t o r  c u r r e n t  w a s  monitored dur ing  the  i r r a d i -  

a t i o n .  Heat ing of the  d e t e c t o r s  by the  beam was n o t  considered t o  

be  s i g n i f i c a n t  (< 2OC) f o r  any i r r a d i a t i o n  except  f o r  the  f i n a l  two 

i r r a d i a t i o n s  a t  5 MeV. 

A vacuum of approxi-  

A f t e r  each i r r a d i a t i o n ,  t h e  d e t e c t o r  c u r r e n t ,  n o i s e ,  capac i t ance  

and count ing  response t o  Am-241 a lpha  p a r t i c l e s  i n c i d e n t  on both con- 

t a c t s  were measured as  a func t ion  of  r eve r se  b i a s .  The n o i s e  and 

count ing  measurements were made us ing  an a m p l i f i e r  system w i t h  0.8 

double  i n t e g r a t i o n  and double  d i f f e r e n t i a t i o n  t i m e  c o n s t a n t s .  S ince  

t h e  a lpha  p a r t i c l e  source  was placed d i r e c t l y  i n  f r o n t  o f  t h e  beam 

c o l l i m a t o r  dur ing  t h e  count ing measurements , a n  a r e a  s l i g h t l y  l a r g e r  

than t h e  radiation-damaged a rea  w a s  exposed t o  a lpha  p a r t i c l e s .  

s e c  

A t  p ro ton  f luences  g r e a t e r  than  about  1014 c m - 2 ,  d e t e c t o r  

c h a r a c t e r i s t i c s  were no t  measured u n t i l  t he  c u r r e n t  and n o i s e  had 

s t a b i l i z e d ;  u s u a l l y  t h i s  occurred w i t h i n  a few hours f o r  t h e  i r r a d i -  

a t i o n s  repor ted  he re .  S ince  hea t ing  e f f e c t s  by t h e  pro ton  beams w a s  

cons idered  t o  be n e g l i g i b l e  except f o r  the  5 M e V  i r r a d i a t i o n ,  i t  w a s  

f e l t  t h a t  t h e  rap id  r educ t ion  of c u r r e n t  and n o i s e  a f t e r  l a r g e  proton 

f luences  was due t o  the  rap id  annea l ing  of d e f e c t s .  
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RESULTS 

The r e s u l t s  of t he  p o s t - i r r a d i a t i o n  d e t e c t o r  measurements a r e  

presented i n  a manner t o  emphasize the changes of d e t e c t o r  p e r f o r -  

mance wi th  f luence  and proton energy, and to  c o n t r a s t  t h e  d i f f e r e n c e  

between damage e f f e c t s  by protons i n c i d e n t  on the  f r o n t ,  s u r f a c e  - 

b a r r i e r  con tac t  and on the r e a r ,  ohmic c o n t a c t .  Although measurements 

were taken f o r  proton i r r a d i a t i o n s  a t  about 2 MeV, t h e  d e t a i l e d  re- 

s u l t s  a r e  not presented s i n c e  they can be est imated by i n t e r p o l a t i n g  

between the 0.8 M e V  and 3 MeV r e s u l t s .  I n  a l l  the  i r r a d i a t i o n s  

except  a t  4.5 MeV and 5.0 MeV, t h e  protons stopped i n  the  d e t e c t o r .  

The p o s i t i o n  of t h e  i n t e n s i v e  end-of-range damage wi th  r e s p e c t  t o  

the  h i g h - f i e l d ,  j u n c t i o n  region of  the d e t e c t o r s  should be considered 

when reviewing t h e  r e s u l t s  presented below. 

Detector cu r ren t -vo l t age  cha rac . t e r i s  t i cs  measured a f t e r  va r ious  

proton f luences a r e  shown i n  F i g s .  3 and 4 f o r  the i r r a d i a t i o n  of 

t h e  f r o n t  and r e a r  c o n t a c t s  w i th  0.8 MeV and 3 M e V  protons.  I t  is  

e v i d e n t  t h a t  i r r a d i a t i o n  of t he  r e a r ,  ohmic con tac t  provided r e l a t i v e l y  

low-current o p e r a t i o n  and, as  w i l l  be shown l a t e r ,  low-noise o p e r a t i o n  

of t hese  d e t e c t o r s  f o r  s e v e r a l  o rde r s  of magnitude more i n  f l u e n c e  than 

corresponding i r r a d i a t i o n s  of the f r o n t ,  j u n c t i o n  c o n t a c t .  Note a l s o  

t h a t  t he  0.8 MeV protons produced much s m a l l e r  damage e f f e c t s  than the 

3 . O  M e V  protons.  When higher  energy Iirotons passed through t h e  de-  

t e c t o r s  without  s topp ing ,  the c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  a t  a 

given f luence were s imilar  f o r  both the  f r o n t  and t h e  r e a r  i r r a d i a t i o n s ,  

Y 
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t 

a s  shown i n  Fig.  5 .  I n  t hese  i r r a d i a t i o n s  a t  4.5  MeV and 5.0 MeV 

t h e  ene rg ie s  of the protons near t he  s u r f a c e - b a r r i e r  were s i m i l a r  

and, t hus ,  the d e n s i t y  and type of d e f e c t s  formed nea r  the j u n c t i o n  

a r e  expected t o  be s i m i l a r .  

r e n t - v o l t a g e  c h a r a c t e r i s t i c  f o r  the 5 MeV r e a r - c o n t a c t  i r r a d i a t i o n  

was s l i g h t l y  h ighe r  t han  for the 4.5  M e V  f r o n t  c o n t a c t  bombardment. 

Perhaps t h i s  r e f l e c t s  t he  f a c t  t h a t  i n  the 5 MeV i r r a d i a t i o n  the 

proton ene rg ie s  a t  t h e  j u n c t i o n  were s l i g h t l y  smaller than  i n  t h e  

4 . 5  MeV i r r a d i a t i o n  ( see  Fig.  1 ) .  The s i l i c o n  atom displacement  

c o r s s - s e c t i o n  v a r i e s  i nve r se ly  w i t h  the  prqton energy. Except f o r  

t h e  0.8 MeV i r r a d i a t i o n s ,  t h e  c u r r e n t s  a t  t h e  lowest b i a s  v o l t a g e s  

inc reased  s h a r p l y  wi th  inc reas ing  f luence.  This e f f e c t  may r e l a t e  

t o  the d i f f e r e n c e  i n  the type o f d e f e c t s  which a r e  formed a t  proton 

e n e r g i e s  below and above about 1 M e V .  

After 5 x 1013 protons t h e  cu r -  

The d e t e c t o r  c u r r e n t  i nc rease  a t  maximum d e t e c t o r  b i a s  a s  a 

f u n c t i o n  o f  f luence  is  shown in F i g .  6 f o r  d i f f e r e n t  p ro ton  e n e r g i e s .  

Except f o r  t he  h i g h e s t  energy i r r a d i a t i o n s ,  t h e  c u r r e n t  i n c r e a s e  is 

l a r g e r  f o r  the h ighe r  proton ene rg ie s ,  r e g a r l e s s  of which c o n t a c t  

w a s  i r r a d i a t e d .  However, t h e  advantage of  i r r a d i a t i n g  the  r e a r ,  

ohmic c o n t a c t  i n  the  case of short-range protons is  obvious,  For 

t h e  f r o n t - c o n t a c t  i r r a d i a t i o n s ,  t h e  c u r r e n t  i nc reases  a r e  n e a r l y  

p r o p o r t i o n a l  t o  the  f luence . 
The d e t e c t o r  no i se  as a funct ion of a p p l i e d  r e v e r s e  b i a s  f o r  

va r ious  f luences  is  given i n  Figs .  7 ,  8 and 9 f o r  the t h r e e  proton 

e n e r g i e s  mentioned above. The general  t rends a r e  s imi la r  t o  those 



-8- 

i n  t he  cu r ren t  measurements . 
The e f f e c t  of dec reas ing  d e t e c t o r  capac i t ance  and a subsequent 

lowering of t h e  n o i s e  w i t h  b i a s  is  ev iden t  i n  most of t he  f i g u r e s  

f o r  b i a s e s  up t o  about 15V. 

microplasma-type (mp) n o i s e  was observed i n  some d e t e c t o r s .  A 

summary of the i n c r e a s e  of n o i s e  wi th  f luence  f o r  va r ious  proton 

e n e r g i e s  is shown i n  F ig .  10. When t h e  f r o n t  c o n t a c t  was i r r a d i a t e d ,  

the no i se  increased approximately as the  squa re  r o o t  of the f luence .  

A comparison of t h e  c u r r e n t  i n c r e a s e  and t h e  n o i s e  i n c r e a s e  wi th  

f luence shows t h a t ,  f o r  t he  f r o n t - c o n t a c t  i r r a d i a t i o n s ,  t he  d e t e c t o r s  

w i th  the higher  c u r r e n t s  tended t o  have the lower n o i s e  va lues .  For 

t h e  i r r a d i a t i o n s  a t  proton ene rg ie s  below 1 MeV t h e  oppos i t e  e f f e c t  

had been observed, lower no i se  f o r  lower cu r ren t s . '  Perhaps a t  t he  

h ighe r  proton e n e r g i e s  the n o i s e  spectrum changes a s  d i f f e r e n t  types 

and d e n s i t i e s  of d e f e c t s  a r e  produced. Unlike the  i r r a d i a t i o n s  a t  

proton energies  below 1 MeV, t h e  d e t e c t o r  n o i s e  f o r  t h e s e  h ighe r  

energy i r r a d i a t i o n s  does no t  i n c r e a s e  sha rp ly  a t  f l uences  above 10 

protons cm . This may r e f l e c t  t he  f a c t  t h a t  s m a l l e r  d e f e c t  d e n s i t i e s  

a r e  produced i n  the  high f i e l d  region n e a r  the j u n c t i o n  f o r  proton 

ene rg ie s  g r e a t e r  than about 1 MeV. 

A t  h igh f luences and high b i a s e s  

14 

-2 

The e a r l i e r  s tudy  showed t h a t  t h e  d e t e c t o r  capac i t ance  increased 

wi th  f luence a f t e r  i r r a d i a t i o n  of t he  f r o n t  c o n t a c t s  w i t h  prptons of 

ene rg ie s  l e s s  than 1 MeV. However, t he  i n c r e a s e  of t he  capac i t ance  

was l a r g e r  f o r  t he  lower energy bombardments. The capac i t ance -vo l t age  

4 
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c h a r a c t e r i s t i c s  f o r  var ious  f luence values  a f t e r  i r r a d i a t i o n  wi th  

0.8 M e V  protons a r e  shown i n  F i g .  11. Short-range protons (See 

F ig .  1) produced l a r g e  changes i n  t h e  capac i t ance  when t h e  junc t ion  

c o n t a c t  was i r r a d i a t e d  and n e g l i g i b l e  capac i t ance  changes when t h e  

rear ,  ohmic c o n t a c t  was i r r a d i a t e d .  I n  gene ra l ,  the  capac i t ance  

va lues  a f t e r  i r r a d i a t i o n  of the f r o n t  con tac t  were dependent on the  

f luence  and the  p o s i t i o n  of the  end-of-range damage wi th  respoec t  

t o  t h e  su r face -  b a r r i e r  junc t ion .  

With 3 M e V  protons (Fig.  12) and 5 M e V  protons (Fig.  13) ,  the  

capac i t ance  decreased wi th  f luence a t  b i a ses  below about  1 O V  and 

increased  a t  h igher  b i a ses  when t h e  f r o n t  c o n t a c t  w a s  i r r a d i a t e d .  

I r r a d i a t i o n  of t h e  rear contac t  produced capac i tance  changes which 

appeared t o  depend on t h e  loca t ion  of t he  end-of-range damage wi th  

r e s p e c t  t o  t h e  junc t ion .  A summary of t h e  capac i tance-vol tage  

c h a r a c t e r i s t i c s  f o r  s i m i l a r  f luences wi th  d i f f e r e n t  proton ene rg ie s  

i n c i d e n t  on the  f r o n t  and rear con tac t s  is shown i n  F ig .  14. The 

p o s i t i o n  of t h e  end-of-range damage wi th  r e spec t  t o  t h e  j u n c t i o n  

appears  t o  determine the  magnitude o f .  the  capac i t ance  v a l u e s .  In  

t h e  f ron t - con tac t  i r r a d i a t i o n s , ,  t he  change i n  the d e t e c t o r  

capac i t ance  was l a r g e r  f o r  the s h o r t e r  range pro tons ,  whereas i n  
! 

t h e  rear -con  

The ana 

a f t e r  pro ton  

depths  which 

a c t  i r r a d i a t i o n s  the oppos i t e  order  was observed. 

y s i s  of s p c c t r a  fror? count ing  Am-241 a lpha  p a r t i c l e s  

damage ind ica ted  the  following: presence of d e p l e t i o n  

were smaller .  than the range of  t h e  alpha p a r t i c l e s ,  
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damaged regions wi th  poor c o l l e c t i o n  e f f i c i e n c y ,  and undepleted 

l aye r s  near the r e a r  con tac t  even a t  50 percent  ove r -b i a s ,  The 

e f f e c t s  on the count ing response of d e t e c t o r s  a f t e r  i r r a d i a t i o n  by 

0.8 MeV protons on the  f r o n t  and on the  r e a r  c o n t a c t s  a r e  shown i n  

F igs .  15 and 16, r e s p e c t i v e l y .  The fu l l -energy  peak a t  about  5.5 

M e V  u sua l ly  i s  the  r e s u l t  of a lpha  p a r t i c l e s  e n t e r i n g  the  undamaged 

pe r iphe ra l  reg ion  around the  c e n t r a l  damaged s p o t .  A t h i n  d e p l e c t i o n  

reg ion  with a low l i f e t i m e  causes  t h e  lower energy peaks i n  Fig.  15. 

The source  of t he  lower energy peaks a t  12V and 25V i n  F ig .  16 is no t  

understood. Capaci tance measurements ( see  F ig .  11) i n d i c a t e  t h a t  a t  

t h e s e  b i a s  v o l t a g e s ,  t h e  d e t e c t o r  is  less than  50 percent  deple ted  i n  

t h e  damaged a r e a .  The high l i f e t i m e  of t h e  undepleted region nea r  

t h e  back con tac t  may a l low t h e  d i f f u s i o n  of some c a r r i e r s  t o  the  high 

f i e  d region,  thus producing smeared, low-energy peaks. 

The low-energy peaks a f t e r  r ea r - con tac t  damage a s  shown i n  F ig .  

1 7  appear t o  be  caused by the  f a c t  t h a t  t he  t h i n ,  damaged l aye r  a t  

t he  back contac t  was undepleted even a t  t he  h ighes t  b i a s .  

c o l l e c t i o n  problems f o r  a lpha  p a r t i c l e s  i nc iden t  on the  f r o t t  con tac t  

a f t e r  proton damage t o  t h e  r e a r  c o n t a c t  are  minimal a t  t h i s  f luence  

of 5.1 x 1013 cm’2. 

protons cm’* i n c i d e n t  on t h e  r e a r  c o n t a c t ,  d i s t i n c t l y  s e p a r a t e  peaks 

were observed fo r  a lpha  p a r t i c l e s  i nc iden t  on the  f r o n t  c o n t a c t .  This  

e f f e c t  may be caused by t h e  high r e s i s t a n c e  of t h e  ohmic r e a r  c o n t a c t  

a f t e r  ex tens ive  proton damage. S igna l s  from c a r r i e r s  t r a v e r s i n g  the  

d e t e c t o r  t o  t h e  damaged reg ion  a t  t he  back may bc s lower d u e  t o  the  

Charge 

However, a t  a f luence  of 1 .6  x 1014 0.8 MeV 
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l a r g e  con tac t  r e s i s t a n c e .  This  l a r g e  r e s i s t a n c e  a t  t he  r e a r  c o n t a c t  

a f t e r  damage may a l s o  be manifested i n  F igs .  3 and 4 where c u r r e n t  

va lues ,  i n  some c a s e s ,  were smal le r  f o r  l a r g e r  f luences .  I n  these  

cases  the  vo l t age  appl ied  across  the  j u n c t i o n  may have been s i g n i f i -  

c a n t l y  reduced by t h e  vo l t age  drop ac ross  the  damaged r e a r  c o n t a c t .  

Alpha p a r t i c l e  s p e c t r a  a f t e r  t h e  i r r a d i a t i o n  of t h e  f r o n t  and 

rear con tac t s  a t  s i m i l a r  f luences of 2.78 M e V  and 3.00 M e V  protons 

are  shown i n  F igs .  18 and 19 r e spec t ive ly .  The lower energy peaks 

f o r  a lpha  p a r t i c l e s  i n c i d e n t  on the  f r o n t  con tac t s  a p p e a r  t o  be 

caused mainly by t rapping  e f f e c t s .  For  a lpha  p a r t i c l e s  i n c i d e n t  on 

t h e  rear c o n t a c t ,  dead-layers  r e s u l t i n g  from undepleted regions a t  

the rear con tac t  appear t o  c a u s e  the  lower energy peaks ( see  F ig .  12) .  

S t r i k i n g l y  d i f f e r e n t  a lpha p a r t i c l e  s p e c t r a  w e r e  observed a f t e r  

2 .5  x lo1' 4.5  M e V  protons 

e f f e c t s  caus ing  poor charge c o l l e c t i c n  were observed f o r  a lpha  

p a r t i c l e s  i nc iden t  on the  f ron t  c o n t a c t .  However, on ly  a dead- layer  

e f f e c t  was observed f o r  a lpha p a r t i c l e s  i nc iden t  on the  r e a r  c o n t a c t .  

This  was expected s i n c e  the  d e t e c t o r  was no t  f u l l y  dep le t ed  ( see  F ig .  

1 3 ) .  When a lpha  p a r t i c l e s  entered the  f r o n t  c o n t a c t ,  e l e c t r o n s  had 

t o  make t h e  major t r a v e r s a l  of t h e  dep le t ion  reg ion .  Perhaps t h e s e  

observa t ions  i n d i c a t e  t h a t  de fec t s  produced by these  h ighe r  energy 

protons cause  the  s e l e c t i v e  t rapping o f  elc?cLrons t-aLiicr ttircn h o l e s .  

a s  shown i n  Fig.  20. Severe t r app ing  

DISCUSS ION 

The i n t e r a c t i o n  between proton:; and s i l i c o n  n u c l e i  i n  a d e t e c t o r  

occurs  predominately by the  Rutherford s c a t t e r i n g  process .  In  t h i s  
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process  the c r o s s - s e c t i o n  f o r  t he  displacement  of a s i l i c o n  atom is 

inve r se ly  p ropor t iona l  t o  t h e  pro ton  energy. The re fo re  t h e  d e n s i t y  

o f  d e f e c t s  produced n e a r  t h e  end o f  t h e  pro ton  t r a c k  r ises very  

s h a r p l y .  Dearnaley has c a l c u l a t e d  t h e  t o t a l  number of d e f e c t s  pro- 

duced i n  each u n i t  i n t e r v a l  of  t h e  proton t r ack .3  H i s  r e s u l t s  show 

t h a t  t he  l i n e a r  d e n s i t y  of d e f e c t s  produced by protons i n  s i l i c o n  

rises sha rp ly  a t  ene rg ie s  below about  2 MeV.  In  a d d i t i o n ,  Dearnaley 

has  es t imated t h a t  t h e  t o t a l  number of Frenkel  d e f e c t s  (vacancy and 

nearby i n t e r s t i t i a l )  produced by a pro ton  i n  s i l i c o n  s i  given by 

NF = 130 + 6 Ep,  

, 
\ 
\ 

where E i s  t h e  pro ton  energy i n  MeV.  This  i l l u s t r a t e s  t he  r e l a t i v e  

importance of t h e  end-of- t rack damage i n  terms of d e f e c t  product ion 

f o r  protons w i t h  ene rg ie s  of s e v e r a l  M e V .  

P 

I n  gene ra l ,  t h i s  s tudy  and t h e  previous one have shown t h a t  t h e  

e f f e c t s  of damage by protons which s t o p  i n  s i l i c o n  d e t e c t o r s  a r e  

dominated by t h e  i n t e n s e  end-of-range product ion  of  d e f e c t s .  The 

p o s i t i o n  of t h e  end-of-range damage w i t h  r e s p e c t  t o  t h e  h igh  f i e l d  

the  type  o f  d e f e c t  s i t e s  

n de te rmining  t h e  response  

damage by low-energy p ro tons .  

r d e p l e t i o n  r e g i o n s ,  t h e  

energy dependence of the  damage is minimized. 

The r e s u l t s  of t h e s e  s t u d i e s  of low-energy pro ton  damage i n  

s i l i c o n  d e t e c t o r s  i n d i c a t e  t h a t  t h e  end-of-range damage s i tes  a c t  as 

r eg ion  a t  the  s u r f a c e - b a r r i e r  j unc t ion  and 

formed along the t r a c k  a r e  most important  

of  s i l i c o n  s u r f a c e - b a r r i e r  d e t e c t o r s  a f t e r  

When the  protons do n o t  s t o p  i n  the  d e t e c t  
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donor-type d e f e c t s .  However, the d e f e c t s  produced protons w i t h  

e n e r g i e s  above about 1 MeV tended t o  decrease t h e  n e t  space-charge 

d e n s i t y  i n  the  n-type s i l i c o n  from which t h e  d e t e c t o r s  w e r e  made. 

Th i s  can be r e a d i l y  seen in .  t h e  changes of t he  d e t e c t o r  capac i t ances  I 

as  t h e  proton energy was increased.  When the s u r f a c e - b a r r i e r  c o n t a c t  

w a s  i r r a d i a t e d  with very low-energy protons the  capac i t ance  was very 

l a r g e  a t  a l l  b i a s  vo l t ages .  A s  t he  proton energy was raised above 

1 M e V ,  t h e  capac i t ance  decreased w i t h  f luence a t  low b i a s e s ,  i n d i c a t -  

ing t h a t  t h e  e f f e c t i v e  r e s i s t i v i t y  of the s i l i c o n  nea r  t h e  j u n c t i o n  

has inc reased .  A t  h ighe r  biases  t h e  capac i t ance  increased wi th  

f l u e n c e ,  i n d i c a t i n g  t h a t  a layer  of donor-type d e f e c t s  w a s  encountered 

deeper  i n  the  d e t e c t o r .  

The mechanism f o r  the c r e a t i o n  of acceptor- type d e f e c t s  a t  t he  

beginning, and donor-type d e f e c t s  a t  t h e  erld of t he  t r a c k  of a pro- 

ton wi th  an energy g r e a t e r  than about  1 MeV is n o t  understood a t  

t he  p re sen t  time. The type of  d e f e c t  which is formed may depend on 

the  mean energy of t h e  r e c o i l i n g  s i l i c o n  atoms and lo r  t h e  d i s t r i b u t i o n  

of the d e f e c t s .  The mean energy of t h e  r e c o i l s  is p r o p o r t i o n a l  t o  

t h e  logarithm of t h e  energy of t he  proton,  thus dec reas ing  a s  the  

proton is slowed i n  the s i l i c o n .  The d e n s i t y  of d e f e c t s  becomes 

ve ry  l a r g e  a t  t he  end of t he  proton t r a c k ,  thus enhancing the pro- 

b a b i l i t y  of de fec t -de fec t  i n t e r a c t i o n s .  A study of t h e s e  p o s s i b l e  

mechanisms is  a n t i c i p a t e d  . 
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For low-noise ope ra t ion  of s u r f a c e - b a r r i e r  t ransmiss ion  

d e t e c t o r s  which a r e  exposed t o  sho r t - r ange  protons , t h e  advantages 

of i r r a d i a t i n g  t h e  r e a r ,  ohmic con tac t  have been c l e a r l y  demonstrated 

by these  s t u d i e s .  I n  a d d i t i o n ,  i t  i s  important t o  keep the d e n s i t y  

of de fec t s  as s m a l l  a s  p o s s i b l e  i n  t h e  j u n c t i o n  o r  h igh  f i e l d  r eg ion  

of t he  de t ec to r s .  I f  c o l l e c t i o n  of charge is important ,  high f i e l d  

ope ra t ion  of the  d e t e c t o r s  is a n e c e s s i t y  t o  in su re  f u l l  deple t ion-depths  

and t o  minimize the  l o s s  of charge due  t o  t rapping  on damage s i t e s .  

However, opera t ing  a d e t e c t o r  w i t h  a h igh  e l e c t r i c  f i e l d  i n  o rde r  t o  

reduce the  e f f e c t s  of r a d i a t i o n  damage can be d e t r i m e n t a l .  For example, 

leakage cu r ren t s  and no i se  inc rease  s h a r p l y  wi th  f luence  a t  high 

d e t e c t o r  b i a ses .  I n  a d d i t i o n ,  t h e  d e p l e t i o n  depth of t h e  d e t e c t o r  may 

be reduced as  more vo l t age  is dropped ac ross  the  b i a s  load r e s i s t o r .  

Experimenters must choose c a r e f u l l y  the  type  of d e t e c t o r  and the  

ope ra t ing  condi t ions  when us ing  semiconductor d e t e c t o r s  i n  high-f  lux  

r a d i a t i o n  environments. 
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TABLE 1. Proton ranges i n  s i l i c o n  and d e t e c t o r  th icknesses  

PROTON RANGE DETECTOR 
ENERGY I N  SILICON THICKNESS 
(MeV) (pm) DETECTOR (/P) CONTACT 

~ 

0.80 
0.80 
1.85 
2 .oo 
2.78 
3.00 
4.50 
5.00 

12.7 
12.7 
4 3 . 1  
48.5 
81 .9  
92.7 

181.2 
216..2 

6-168C 
6-777B 
6-781B 
6-170C 
7- 59B 
6-780B 
6-784B 
6- 165C 

81 
129 
133 
93 

102 
117 
119 
81 

Front  (Au) 
Rear (Al) 
Front  
Rear 
Front  
Rear 
Front  
Rear 

5.48 MeV a lpha p a r t i c l e  (Am-241) range i n  S i  is - 28 m 
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F IGURE CAPTIONS 

1. Schematic i l l u s t r a t i o n  of  the proton ranges i n  the s i l i c o n  

d e t e c t o r s  used i n  the i r r a d i a t i o n s .  

2. Top view of t h e  i r r a d i a t i o n  chamber showing t h e  d e t e c t o r  mount, 

c o l l i m a t o r s  and a lpha  p z r t i c l e  sou rces .  

3.  Current-vol tage c h a r a c t e r i s t i c s  a f t e r  var ious f luences of 0.80 

MeV protons inc iden t  on the f r o n t  s u r f a c e - b a r r i e r  c o n t a c t  of 

d e t e c t o r  6-1686 and on t h e  rear,  ohmic c o n t a c t  of d e t e c t o r  6-777B. 

4 .  Detector  cu r ren t -vo l t age  c h a r a c t e r i s t i c s  a f t e r  va r ious  f luences of 

2.78 M e V  protons ( f r o n t  en t ry )  and 8.00 MeV protons ( r e a r  e n t r y ) .  

5. Detector  cu r ren t -vo l t age  c h a r a c t e r i s t i c s  a f t e r  va r ious  f luences  

of 4.50 M e V  protons ( f r o n t  e n t r y )  and 5.00 M e V  protons ( r e a r  e n t r y ) .  

6.  The i n c r e a s e  of d e t e c t o r  c u r r e n t  a t  t h e  maximum r e v e r s e  b i a s  a s  a 

f u n c t i o n  of proton f luence f o r  f r o n t  and r e a r  c o n t a c t  i r r a d i a t i o n s  

a t  s e v e r a l  ene rg ie s  between 0.80 MeV and 5.00 MeV. The values  

represented by po in t s  marked A were measured 12  hours a f t e r  t h e  

i r  rad i a  t ions . 

7 .  Noise-voltage c h a r a c t e r i s t i c s  a f t e r  va r ious  flucnccs of 0.80 M e V  

protons inc iden t  o n  the f r o n t  c o n t a c t  and r e a r  contac t  ol: d i f f e r e n t  

d e t e c t o r s .  The no i se  is  expressed i n  keV full-width-half-maximum 

(FWHM) of a Gaussian d i s t r i b u t i o n .  Microplasma obse rva t ions  a r e  

ind ica t ed  by mp. 
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8.  Detector  no ise-vol tage  c h a r a c t e r i s  t i cs  a f t e r  var ious  f luences of 

2 . 7 8  MeV protons ( f r o n t  e n t r y )  and 3.00 MeV ( r e a r  e n t r y ) .  

9.  Detector  no ise-vol tage  c h a r a c t e r i s t i c s  a f t e r  var ious  f luences of 

4.50 MeV protons ( f r o n t  e n t r y )  and 5.00 MeV protons ( r e a r  e n t r y ) .  

10. T o t a l  system no i se  a t  t h e  maximum d e t e c t o r  r eve r se  b i a s  a s  a 

func t ion  of proton f luence  f o r  f r o n t  and rear con tac t  i r r a d i a t i o n s  

a t  s e v e r a l  energ ies  between 1.85 M e V  and 5.00 M e V .  

1 1 .  Detector capac i tance-vol tage  c h a r a c t e r i s t i c s  a f t e r  var ious  

f luences of 0.80 MeV protons i n c i d e n t  on t h e  f r o n t  c o n t a c t  and 

rear contac t  of d i f f e r e n t  d e t e c t o r s .  

12. Detector  capac i tance-vol tage  c h a r a c t e r  is t ics  a f t e r  var ious  f luences 

of 2.78 M e V  protons ( f ron t  e n t r y )  and 3.00 M e V  protons ( r e a r  e n t r y ) .  

13.  Detector capac i tance-vol tage  c h a r a c t e r i s  t ics  a f t e r  var ious  f luences  

of 4.50 MeV protons ( f r o n t  e n t r y )  and 5.00 MeV protons ( r e a r  e n t r y ) .  

14. A comparison of d e t e c t o r  capac i tance-vol tage  c h a r a c t e r i s  t ics  f o r  

f r o n t  and rear e n t r y  i r r a d i a t i o n s  a t  s i m i l a r  pro ton  f luences  f o r  

s e v e r a l  ene rg ie s  between 0.80 MeV and 5.00 MeV. 

15.  Spec t r a  r e s u l t i n g  from a lpha  p a r t i c l e s  e n t e r i n g  t h e  f r o n t  c o n t a c t  

a t  t h ree  d e t e c t o r  r eve r se  b i a ses  a f t e r  i r r a d i a t i o n  of the f r o n t  

c o n t a c t  by 5.1 x d3 0.80 M e V  protons 
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16. Spec t ra  r e s u l t i n g  from a lpha  par t ic1 ,es  e n t e r i n g  t h e  rear c o n t a c t  

a t  t h r e e  d e t e c t o r  r eve r se  b iases  a f t e r  i r r a d i a t i o n  of  t h e  f r o n t  

con tac t  by 5.1 x lOI3 0.80 MeV protons ~ r n - ~ .  

1 7 .  Spec t ra  r e s u l t i n g  from alpha par t ic les  e n t e r i n g  t h e  f r o n t  and r e a r  

con tac t s  a t  two d e t e c t o r  reverse  b i a ses  a f t e r  i r r a d i a t i o n  of t h e  

r e a r  con tac t  by 5.1 x 1013 0.80 MeV protons 

18. Spec t r a  r e s u l t i n g  from alpha p a r t i c l e s  e n t e r i n g  t h e  f r o n t  and r e a r  

c o n t a c t s  a t  two d e t e c t o r  reverse  b i a ses  a f t e r  i r r a d i a t i o n  of t he  

f r o n t  c o n t a c t  by 4.6 x 1013 2 . 7 8  MeV protons cm’2. 

19. Spec t r a  r e s u l t i n g  from a l p h a  p a r t i c l e s  e n t e r i n g  t h e  f r o n t  and r e a r  

c o n t a c t s  a t  two d e t e c t o r  reverse  b i a s e s  a f t e r  i r r a d i a t i o n  of  t he  

rear con tac t  by 2.4 x 1013 3.00 MeV protons 

20. Spec t r a  r e s u l t i n g  from alpha p a r t i c l e s  e n t e r i n g  the  f r o n t  and r e a r  

c o n t a c t s  a t  two d e t e c t o r  reverse  b i a s e s  a f t e r  i r r a d i a t i o n  of  t h e  

f r o n t  con tac t  wi th  2.5 x 1014 4.50 M e V  protons cm-  . 2 
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